Abstract. From wideband electric field records acquired using a 12-bit digitizing system with a 500-ns sampling interval, microsecond-scale pulses in different stages of cloud flashes in Florida and New Mexico are analyzed. Pulse occurrence statistics and waveshape characteristics are presented. The larger pulses tend to occur early in the flash, confirming the results of Bils et al. (1988) and in contrast with the three&age representation of cloud-discharge electric fields suggested by Kitagawa and Brook (1960). Possible explanations for the discrepancy are discussed. The tendency for the larger pulses to occur early in the cloud flash suggests that they are related to the initial in-cloud channel formation processes and contradicts the common view found in the atmospheric radio-noise literature that the main sources of VLF/LF electromagnetic radiation in cloud flashes are the K processes which occur in the final, or J type, part of the cloud discharge.
Introduction
It is common, following the work of firuguwa and Brook 11960, Figure 61 to portray the electric field signature of cloud lightning discharges as composed of three portions which are labeled initial, very active, and final. These three portions were identified by Kituguwu and Brook [1960] in records from their two field-measuring systems: one, a "slow antenna," having a 4-s decay time constant and the other, a "fast antenna," having a submillisecond (300 ps or 70 ps) decay time constant and a significantly higher gain than the "slow antenna." The initial portion of the cloud flash was reported to have a duration of typically 100 to 200 ms [Kituguwu and Brook, 1960, Figure 111 and to be characterized by microsecondscale pulses (identified in the fast-antenna records) of relatively small amplitude and by relatively small electrostatic field change (identified in the slow-antenna records). Kitaguwu and Brook [1960] observed the electrostatic field change during the very active portion to be the largest of the flash and the pulse amplitudes to become much larger than during the initial portion. The final, or J type, portion was reported by Kituguwu and Brook [1960] to be similar to the field changes between strokes and after the last stroke of the cloud-to-ground discharge and is characterized by relatively small steplike K field changes. Note that the K changes appear (similar to the steplike field changes during the very active stage) not as steps but rather as pulses if they are recorded with a measuring system having a submillisecond decay time constant Copyright 1994 by the American Geophysical Union. [1960] in the top portion of their Figure 6 . Note also that since this trace is displayed on a time scale of about 500 ms, it does not show the microsecond-scale structure of the cloud-flash field.
Recently, the University of Florida lightning research group [Bils et uL ,19%X] , from an analysis of tape-recorded cloud-flash electric fields, found that the largest microsecond-scale pulses occurred predominantly in the early part of the cloud flash, typically in the first 20 ms. This observation is in opposition to the common picture of the cloud discharge just described, according to which the initial typically 100 to 200 ms of the cloud-discharge electric field is characterized by pulses of relatively small amplitude. Additionally, the tendency for the larger microsecondscale pulses to occur early in the flash contradicts the common view found in the atmospheric radio-noise literature [e.g.,Amold and Pierce, 1964; Pierce, 19771 that the main sources of VLF/LF electromagnetic radiation in cloud flashes are the K processes which are known to occur in the final stage of the cloud flash.
The three-stage structure of the cloud flash suggested by Kituguwu and Brook [1960] is based on their observations of continental thunderstorms in New Mexico at ground elevations of about 2 km above sea level, while the results of Bils et al. [1988] are based on the data from one maritime storm in Florida at approximately sea level. Further, the measuring and recording systems in New Mexico and Florida differ appreciably in their time resolution and noise level. To determine if the discrepancy between the New Mexico and the Florida observations is due to the differences in observation techniques or in types of thunderstorm, we have analyzed additional cloudflash data from both New Mexico and Florida. In both locations the data have been acquired with the same 12-bit digitizing system [&dok, 19921 characterized by a 50@ ns sampling interval with individual record lengths up to a few seconds. The digitizer was fed from a flat-plate antenna via an integrator and a low-pass antialiasing filter with an overall response time to a step function input of about 700 ns. The decay time constant of the system could be selected in the range from tens of microseconds to many seconds. For decay time constant of 10 s, used for acquiring most of the data analyzed here, the useful bandwidth of the system was from 0.1 Hz to just under 1 MHz. The system noise level was as low as &l bit (about 5 mV on a 5-V scale). The system was carefully tested using various input signals (square wave, sine wave, etc.) and yielded the expected responses. The software we employed for data analysis allowed us to readily manipulate the display timescale. No smoothing was applied to any records involved in this study. Unfortunately, no absolute-amplitude calibration of the recorded data was obtained.
Data and Results
A summary of the data analyzed is given in Table 1 . The New Mexico data were acquired in Socorro, approximately the same location as the data of Kitagawa and Brook [1960] , while the Florida data were taken at the Kennedy Space Center (KSC) where the previous UF data [ Bils et al., 19881 were obtained and, additionally, in Gainesville (north central part of the Florida peninsula). At all three locations a measuring system with a decay time constant of 10 s was used. Following the terminology introduced by Kituguwu and Brook [MO], we call this system configuration a "slow antenna." At KSC, a system with a decay time constant of 150 us and a much higher gain, which we, following Etuguwu and Brook [1960] , call a "fast antenna," was also employed. This system accentuated the microsecond-scale, predominantly radiation, field variations.
All records analyzed here are longer than 500 ms and contain both early and final (or J type) portions [fituguwu and Brook, 1960] . No reliable information on the distance to the recorded discharges is available. In Figures la, 2a, and 3 (top portions) we show examples of the overall electric field changes (as recorded by the slow antenna) Table 1 . Summary of Data Analyzed due to cloud discharges from KSC, Socorro, and Gainesville, respectively. The field changes are initially negative-going (opposite in polarity to the field change due to a cloud-to-ground discharge lowering negative charge to Earth). Microsecond-scale pulses do not appear in the overall flash electric field changes shown in Figures  la, 2a , and 3 due to undersampling of the data by the computer plotting program. Figures lb and 2b show the first 25 ms of the cloud-flash fields presented in Figures  la and 2a , respectively, plotted with software which searches for minima and maxima instead of taking evenly spaced points so that all prominent pulses are preserved in the plot. The pulse occurrence statistics presented here have been derived from the slow-antenna records. It is worth noting that many of the slow-antenna records (particularly from KSC and Gainesville), presumably at relatively close ranges, contain no pronounced pulse activity. Most likely, the pulses do exist but are undetectable due to being overwhelmed by the electrostatic fields dominant at closer ranges. Those pulseless records are not considered here. The pulse waveshape characteristics were measured from the fast-antenna records which provide better reproduction of the microsecond-scale features than the slow-antenna records. In Figures 4a and 4b we show examples of the typical single-peaked and multiple-peaked pulses, respectively, recorded by the fast antenna.
We identified the larger microsecond-scale pulses in the slow-antenna records and grouped those pulses into three categories according to relative pulse magnitude, as follows: We first found the average peak-to-peak amplitude of the fwe largest pulses in the flash. Then all pulses with peak-to-peak amplitude greater than or equal to 50% of that average amplitude were labeled "large pulses," pulses with amplitudes between 25% (including 25%) and 50% of the average amplitude were labeled "medium pulses," and pulses between 12.5% (including 12.5%) and 25% of the average amplitude were labeled "small pulses." Pulses that were too small to fit in the "small" category (in some flashes there were hundreds of them) are not included in this analysis. In the Gainesville data (five flashes) it was impossible to sort pulses by their size using the described algorithm due to the very narrow range of observed pulse magnitudes. For each pulse category, when possible, we determined the pulse occurrence distribution in the form of histograms (in 20-ms [1988] and in contradiction to the three-stage representation of cloud-flash electric fields suggested by Kituguwa and Brook [1960] . Figures 2a and 2b show, in the same format, an example of a cloud flash from New Mexico. The same tendency for the large pulses to occur at the beginning of the discharge is evident. Figure 3 shows the results (all pulses combined in a single category) for a typical flash in Gainesville. Table 2 gives a summary of the occurrence statistics for the large pulses in the Socorro and KSC flashes. In the table the "early stage" is arbitrarily defined as the first 80 ms after the initial deflection of the electric field from the preceding more-or-less flat level. The rest of the record was termed the "late stage." In most cases the first electrostatic field maximum is attained within the early stage. The "entire flash" in Table 2 is merely the sum of the early and late stages.
Pulse Occurrence Statistics
The larger pulses usually appear at the times of the largest changes in the cloud flash electric field. In most cases this corresponds to the first deflection of the field from the preceding flat level. On average, more than 70% of the large pulses in New Mexico and more than 80% at KSC occurred during the early stage. This observation suggests the relation of those pulses to the initial channel formation processes of the cloud flash. On average, 59% of the large pulses in New Mexico and 66% at KSC occurred during the first 20 ms of the discharge. This result is consistent with the pulse occurrence statistics of Bils et al. [1988] and with the cloud-channel formation time of 10 to 30 ms inferred from the multiple-station electric field measurements of Liu and Krehbiel [1985] . Pierce [1955] also reported that radiation pulses associated with cloud flashes in Great Britain at ranges of 40 to 100 km were usually confined to the fast 10 to 20 ms of the flash. It is important to note that, as follows from our data, a significant fraction (more than half in New Mexico and 45% at KSC) of large pulses occur within first 5 ms of the flash, while the typical overall duration of a cloud discharge is some hundreds of milliseconds. There were, on average, 11 large pulses per flash in Socorro and 9.5 at KSC (about 3 times more than the 3.7 pulses detected per flash by Bib et aL 19881. In the Gainesville data ( Figure 3 ) the majority of pulses occurred during the Fist few tens of milliseconds of the flash, consistent with the occurrence of large pulses in the Socorro and KSC data.
Less than 30% of the large pulses occurred during the late stage of the flash, where the relatively small steplike K field changes usually occur. In many cases a subsidiary burst of large pulses, following the initial group of large pulses, corresponded to a sudden, relatively large increase in the slope of the flash electric field change, perhaps due to the onset of a new in-cloud channel formation process. The fact that the larger pulses tend to avoid the late stage of the flash (although the occurrence of smaller pulses may be largest there), where the K changes are known to occur, indicates that most of the large microsecond-scale field pulses are not produced by K processes. A similar observation has been previously reported by Bils et al. [1988] . In fact, with a few exceptions the K-type field steps in the 12 flashes from Socorro and KSC presented in Table 2 did not contain large microsecond-scale pulses, only smaller pulses, if any pulses at all were detectable.
The statistics on the occurrence of the medium and small pulses differ significantly from the statistics for large pulses. For the medium-pulse category the fraction of pulses in the early and late stages was, on average, 51.5% and 47.0%, respectively, in Socorro and 39.1% and 60.40/o, respectively, at KSC. In contrast with the large pulses, some medium pulses (1.5% in Socorro and 0.5% at KSC) 
